Abstract
Introduction
The gut epithelial barrier consists of epithelial cells and the tight junctions. The barrier physically separates the gut tissue from the harsh luminal environment [1] . The epithelial cells also absorb water and nutrients from the luminal digested food [2] . Although there are protein enzymes in the lumen to digest the ingested proteins, some protein molecules and peptides with antigenicity are absorbed by epithelial cells; speci�ically, in the intestine suffering from allergic disorders, a large amount of allergens can be absorbed by the epithelial cells and delivered to the subepithelial region to contact immune cells, to initiate skewed immune responses and trigger immune in�lammation attacks [3, 4] . The underlying mechanism is not fully elucidated yet.
After endocytosis, the allergens can be wrapped by the plasma membrane to form endosomes in epithelial cells. The allergen-carrying endosomes then fuse with lysosomes where the allergens may be digested by the acid hydrolase enzymes [3] . It implies that the fusion of endosome and lysosome is a critical step to digest the endocytic allergens. The endosome and lysosome fusion has been studied extensively [5, 6] . The disturbance of the fusion of endosome and lysosome can interfere with the degradation of the endocytic allergens [7] . Yet, whether the interference of the endosome/lysosome fusion is associated with allergic disorders has not been fully understood.
Ubiquitination is essential for transporting the endocytic cargo to lysosomes. Published data indicate that ubiquitination is one of the major determinants in the vacuolar traf�icking in the cell [8] , which is required for sorting endocytic cargo to lysosomes [9] . Ubiquitin E3 ligase A20 (A20, in short) plays an important role in the regulation of immune responses and epithelial barrier function [10, 11] . A20 is also involved in the fusion of endosome to lysosome [12] . In this study, we found that A20 plays an important role in the endosome/ lysosome fusion that determined the degradation of the endocytic allergens in gut epithelial cell line, Caco-2 cells.
Materials and Methods

Reagents
The ovalbumin (OVA) was purchased from Sigma Aldrich (Shanghai, China). Antibodies of OVA, EEA1, LAMP2, A20, and A20 shRNA were purchased from Santa Cruz Biotech (Shanghai, China). Immune cell isolation kits were purchased from Miltenyi Biotech (Shanghai, China).
Cell culture
Caco-2 cell line (passage 35-45; ATCC, Manassas, VA) was cultured in Dulbecco's Modi�ied Eagle Medium, supplemented with 10% fetal bovine serum, 100 units/ml penicillin and 100 units/ml streptomycin and 1 mM non-essential amino acids in a humidi�ied CO 2 (5%) incubator at 37°C. Culture medium was replaced every other day for 2 weeks, and then daily thereafter for the next 1 week until the formation of the monolayer. ), the OVA was added to the apical chambers at the indicated concentrations. Samples were taken from the basal chambers at indicated time points and analysed by ELISA. TER was recorded before and 24h after the addition of allergens.
Assessment of trans-epithelial permeability
Cellular protein extraction
Caco-2 cells were harvested from the inserts by 0.05% trypsin-EDTA. Total proteins were extracted from the cells. Brie�ly, 0.2ml cell lysis buffer [20mM Tris-HCl (pH 7.5), 150mM NaCl, 1mM EDTA, 1mM EGTA, 1% Triton X-100, 2.5mM sodium pyrophosphate, 1mM beta-glycerophosphate, 1mM Na 3 VO 4 , 10mM NaF, 1mM PMSF, 1µg/ml leupeptin, and 0.3µM aprotinin, 130µM bestatin, 14µM E-64] was added to 10 7 cells in an Eppendorf's tube. Placing the tube on ice, the cells were passed through an 18 gauge needle for 10 times; the tube remained on ice for 30min. The tube was centrifuged (×14000g) for 20min at 4°C. The supernatants were collected; the concentration of protein was determined by Bio-Rad protein assay.
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Concentrating protein from culture supernatants
The transported OVA through Caco-2 cell monolayer in the culture supernatant at the basal chamber was concentrated by the saturated ammonium sulphate precipitation. The culture supernatants were collected from the basal chambers to concentrate the proteins by saturating ammonium sulphate precipitation following the standard operating procedures in our laboratory that was also published elsewhere [13] .
Enzyme-linked immunoassay (ELISA)
The contents of A20 and OVA from the collected samples were determined by ELISA. A 96-well plate was coated with diluted standard proteins or sample protein (20µg/well; 0.1ml/well was used throughout the experiment) and incubated at 4°C overnight. The plated was blocked by adding 5% skim milk for 30min; the �irst antibodies (10ng/ml) were added, incubated for 1h and followed by the HRP-conjugated second antibodies (5ng/ml), incubated for 1h. The immune complexes were detected by addition of Tetramethylbenzidine (TMB) for 15min. Three wash steps with TBST (Tris 10mM, 0.09% NaCl, 0.2% Tween 20) were performed after incubation with �irst and second antibodies. The sample's optical density was read with a microplate reader (BioTek, FL800; Shanghai, China). The concentrations of the targeted proteins were calculated against the standard curve. All samples were added in duplicate. The negative control wells were added with isotype IgG to replace the �irst antibody. The OD values from the negative control wells were subtracted from all readings.
Immunocytochemistry
Caco-2 cells were collected from transwell inserts with trypsin-EDTA; the single cell suspension was made and �ixed with 2% paraformaldehyde for 2h. Following our published procedures [14] with modi�ications, the cells were stained with antibodies (1µg/ml) of the OVA, EEA1 (an endosome marker) and LAMP2 (a lysosome marker) in an Eppendorf tube for 1h; then, �luorescence labelled second antibodies (1µg/ml) was added and incubated for 1h. Washing with PBS for 3 times was performed after incubation with antibodies. The cells were smeared onto a slide, mounted with a cover slip with anti-fade media. The slides were observed under a confocal microscope with the ×630 objective. The positive staining part was further enlarged with the built-in "enlarge feature" and photographed when it was appropriate.
Image analysis
In each cell, the positive staining particles of OVA, A20, EEA1 and LAMP2 were counted on the photographs. The merged colors were sorted respectively and counted. Thirty cells were analysed for each group. The slides and photographs were coded. The observer was not aware of the code to avoid the observer bias.
RNA interference
Some Caco-2 cells were transduced with shRNA of A20 (or control shRNA using as controls) to knock down the A20 gene following the manufacturer's instruction.
Western blotting
The effect of RNA interference was revealed by Western blotting. The cellular extracts were fractioned in SDS PAGE and transferred onto a nitrocellulose membrane. The membrane was blocked with 5% skim milk, incubated with anti-A20 antibody (100ng/ml) and followed by the HRP-labelled second antibody (50ng/ml). The immune complexes were revealed with the enhanced ECL kit.
Assessment of antigen-speci�ic T cell activation
Ten patients (5 male, 5 female, age: 24-56 years old) with egg allergy history, serum egg-speci�ic IgE was greater than 30ng/ml, were recruited to this study. The using human tissue in the study was approved by the Human Study Ethic Committee at Tongji University. Forty milliliter blood was obtained from each patient. The peripheral blood mononuclear cells were isolated by the gradient density concentration; CD3 + CD4 + CD25 -T cells and dendritic cells (DC) were puri�ied with purchased reagent kits. The purity of the cells was greater than 98% as checked by �low cytometry. The T cells were labeled with CFSE (Carboxy�luorescein succinimidyl ester) and cultured with DC (T cell:DC = 10:1; 10
Results
Gut epithelial cells endocytose OVA allergen
Caco-2 cells were a human colon epithelial cell line; to see if the cells could endocytose exogenous allergens in culture medium, Caco-2 cells were cultured into a monolayer in the inserts of transwells to con�luence. The OVA was added to the apical chambers at graded concentrations. The cells were harvested 30min after the addition of the OVA. In separate experiments, Caco-2 cells were exposed to OVA at 10µg/ml; the cells were harvested at several time points from 1-30min. The cells were collected; cellular extracts were prepared and analysed by ELISA. The results showed that the OVA was detected in the cell extracts of Caco-2 cells in an OVA dose- (Fig. 1A ) and exposure time (Fig. 1B) -dependent manner. The data indicate that the polarized Caco-2 cells can endocytose OVA.
A20 is required in the degradation of endocytic allergens in gut epithelial cells
We next observed the time course that gut epithelial cells degraded the endocytic OVA allergens. We exposed Caco-2 monolayers to OVA for 30min; the non-absorbed OVA was washed out with fresh medium. The cells were then cultured with fresh medium for 1-24h. The cells were collected; the cell extracts of Caco-2 cells were analysed by ELISA. The results showed that the contents of OVA in the extracts were gradually reduced; that were below the detectable levels in the samples collected at the 24h time point (Fig. 1C) . We also did not detect OVA in the basal chambers (data not shown). The results imply that the endocytic OVA is degraded in the polarized Caco-2 cells within 24h.
We also assessed the permeability of Caco-2 monolayer to OVA in a 24h-culture experiment with OVA addition to the apical chamber of transwell; the levels of OVA in the medium taken from the basal chambers of transwell were determined by ELISA. The results showed that low levels of OVA were converted to the basal chambers by medium treated Fig. 1 . Gut epithelial cells endocytose and degrade allergens. Caco-2 cells were cultured to monolayers in transwells. The OVA was added to the apical chambers. The monolayers were harvested; the cell extracts were prepared to analyse the contents of the OVA. The bars indicate the levels of OVA in the cell extracts. The data were expressed as mean ± SD. *, p<0.01, compared with group "1µg/" (A), or group "5min" (B), or group "0" (C). The data represent 3 separate experiments.
A20 is required in allergen-carrying endosomes fuse with lysosomes in gut epithelial cells
By immunocytochemistry, we observed OVA-carrying endosomes in Caco-2 cells; some of the OVA-carrying endosomes were fused with lysosomes. In A20-de�icient Caco-2 cells, the amounts of OVA-carrying endosome were increased; the positive staining of OVA/ endosome/lysosome was decreased (Fig. 3) . The results imply that A20 is required in the endosome/lysosome fusion.
Allergens pass through A20-de�icient gut epithelial monolayers conserve antigenicity
To elucidate if allergens pass through the A20-de�icient Caco-2 monolayer still conserve the antigenicity, we collected peripheral DC and CD3 + CD4 + CD25 -T cells from patients with egg allergy history. The T cells were labeled with CFSE and cultured with DC at a ratio of T cell:DC = 10:1 (10 5 /ml) for 3 days. The CFSE-dilution assay was performed with a �low cytometer. The results showed that marked T cell proliferation was observed in the cells stimulated with the supernatant proteins from A20-de�icient group and the commercial OVA; The T cell proliferation was not different among the cells stimulated with the supernatant proteins from A20-suf�icient group, or BSA group, or medium alone. The results indicate that allergens pass through the A20-de�icient Caco-2 monolayers still conserve the antigenicity. 
Discussion
The present study demonstrates that intestinal epithelial cell line, Caco-2 cells, expresses A20. This is in line with published data that Wang and Vereecke et al reported that A20 was detected in enterocytes in separate studies [10, 15] . Apart from that those investigators found that A20 played a role in suppression of in�lammation in the intestine [10, 15] , the present data indicate that A20 is a critical molecule in the processing the endocytic allergens in gut epithelial cells. De�iciency of A20 resulted in abundant allergens with strong antigenicity to be transported across the epithelial barrier to reach the basal compartment in transwells via the intracellular pathway. The antigenicity of the transported allergens was re�lected by the induction of allergen-speci�ic T cell proliferation.
Intestinal epithelial barrier dysfunction plays a critical role in a number of diseases; such as food allergy [4] and in�lammatory bowel disease [16] . So far the underlying mechanisms are not clear. The present data have provided novel information for this topic. The de�iciency of A20 causes the incomplete degradation of the endocytic allergens in intestinal epithelial cells. The un-degraded allergens are transported to the basal compartment of transwells, where is similar to the subepithelial region in the intestine. Our previous work also indicated that under allergic condition, intestinal epithelial barrier dysfunction, a large quantity of allergens were transported to the subepithelial region and the lamina propria [17, 18] . The present data have further elucidated the pathway by which the allergens with strong antigenicity are transported to the basal compartment via the intracellular route even though the paracellular space is not open which is re�lected by the unchanged TER. The lysosomes contain the acid hydrolase enzymes that can hydrolyze the endocytic allergens, which is dependent on a premise that the allergen-carrying endosomes fuse with lysosomes. Our data are in line with the information that about 90% OVA-carrying endosomes fused with the lysosomes in Caco-2 cells. Further evidence indicates that in A20-de�icient Caco-2 cells, although the OVA-carrying endosomes were abundant in the cytoplasm, less than 5% of the endosomes had fused with lysosomes. The evidence implies that A20 is required in the endosome/lysosome fusion. The data are in line with published information that A20 contributes to the tethering of endosome and lysosome [12] .
Published data indicate that A20 plays a critical role in the prevention of in�lammation in the body. One of the features of A20 is that can suppress the activation of NF-κB and Toll like receptor activities, so as to prevent the gene transcription of a number of proin�lammatory cytokines [19, 20] . Our data have added new information to this point that A20 is also required in the degradation of endocytic allergens in epithelial cells to prevent the allergens to be converted to the basal chambers of transwells, an in vitro experimental model mimicking the subepithelial region in the intestine. 
